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1,2 Cysteine-rich peptides stabilized by intramolecular disulfide bonds have often been isolated from venoms of microbes, animals and plants. These peptides typically have much higher stability and improved biopharmaceutical properties compared to their linear counterparts. Therefore the correct disulfide bond formation of small proteins and peptides has been extensively studied for a better understanding of their folding mechanism and achieving efficient generation of the naturally occurring biologically active product. Imperatoxin A (IpTx a ), a peptide toxin containing 6 cysteine residues, was isolated from the venom of scorpion Pandinus imperator, selectively binds the ryanodine receptors and activates Ca 2+ release from sarcoplasmic reticulum (SR).
3,4 IpTx a increases the binding of ryanodine to ryanodine receptors (RyRs) 4, 5 and encourages reconstituted single channel to induce subconductance states.
5
We previously reported the three-dimensional structure of IpTx a determined by solution NMR spectroscopy. 6 The molecular structure of IpTx a consists of two antiparallel β-strands connected by four chain reversals. The overall structure of IpTx a is stabilized by three disulfide bonds. This topology and disulfide bond pattern is classified as an 'inhibitor cysteine knot' fold found in numerous toxic and inhibitory peptides, 7-11 including ω-conotoxins. Figure 1 shows the sequence alignment of IpTx a with ω-conotoxin GVIA, MVIIA, and MVIIC demonstrating the same number and position of cysteines, although they have very low Dali Z-scores and sequence identity. IpTx a exhibits a large functional surface area identified by alanine-scanning mutagenesis, and the hydrophobic core of IpTx a is entirely composed of the four out of six cysteines that form intramolecular disulfide bonds to stabilize the overall toxin structure. Without cysteine residues, IpTx a completely lost its molecular structure and biological activity. 6 These results indicate that the information of the authentic disulfide bond connectivity of cysteine-rich peptides or proteins might help not only to understand their three-dimensional conformation but to prepare biologically active products. Here we report the disulfide bond connectivity of IpTx a determined by a combined approach of enzymatic fragmentation and chemical synthesis. 
Experimental
Peptide Synthesis and Oxidative Folding. Solid phase peptide synthesis was conducted on an Applied Biosystems 433A peptide synthesizer. The linear precursor of IpTx a was synthesized by solid phase methodology of Fmoc chemistry starting from Fmoc-Arg(Pmc)-Alko resin using a variety of blocking groups for the protection of amino acids. MALDI-TOF-MS was measured on a PerSeptive Biosystems Voyager Linear mass spectrometer by using α-cyano-4-hydroxy-cinnamic acid as a matrix. High performance liquid chromatography (HPLC) analysis was performed on a Shimadzu LC-6AD system and Shimadzu LC-10Avp system with ODS column (4.6 × 250 mm). Preparative HPLC was performed with a Shimadzu LC-6AD system and Shimadzu LC-10Avp system with ODS column (20 × 250 mm). The linear precursor of IpTx a assembled by Fmoc solid-phase synthesis were cleaved from the resin with a mixture of TFA (trifluoroacetic acid), H 2 O, ethanedithiol, phenol, and thioanisole (percentage volume ratios 82.5/5/2.5/7.5/5). After being stirred for 3 h at room temperature, the solution was cooled and mixed with a 10-fold volume of diethyl ether precooled at 0 o C. The resultant precipitates were collected on a glass filter and washed thoroughly with dimethyl ether. The deprotected peptides were extracted form the resin with 2 M acetic acid. The deprotected linear peptides were diluted to a final peptide concentration of 2.5 × 10 −5 M and subjected to oxidative disulfide bond formation at 4 o C for 3 days in 0.1 M ammonium acetate buffer (pH 7.8) containing 0.1 M NaCl, 20 mM Na 2 HPO 4 , and reduced/oxidized glutathione finally 2.5 mM and 0.25 mM, respectively. When close to Determination of Disulfide Bond Connectivity of IpTx a . IpTx a was digested with lysyl endopeptidase in 0.1 M phosphate buffer (pH 6.5) at 37 o C for 5 h. Enzymatic fragments were isolated and analyzed by RP-HPLC and MALDI-TOF-MS measurements. Two authentic peptides containing two disulfide bridges were synthesized by the method previously reported 12,13 with some modifications. Two peptides having two free thiol groups and one Acm-protected thiol group were synthesized by Fmoc chemistry. The first disulfide bond was formed in 0.2 M ammonium acetate buffer at pH 7.8. The resulting product was then made to react with 3-nitro-2-pyridinesulfenyl chloride (Npys-Cl) in acetic acid at room temperature for 20 minutes to convert the Acm group into the Npys group. The Cys(Npys)-containing peptide thus obtained was purified by RP-HPLC and then mixed with .
Results and Discussion
Synthesis of the linear peptide proceeded smoothly, as indicated by monitoring of the Fmoc deprotection peak at each cycle. Figure 2 shows the HPLC profiles from TFA cleavage to final purification of IpTx a . After TFA cleavage, the linear precursor of IpTx a from which all the protective groups had been removed was extracted from the resin with 2 M acetic acid. Air oxidation of the crude linear peptide afforded peptide having proper disulfide bond pairings as the major products, which was purified by ion exchange chromatography and HPLC. The folded peptide was obtained in good isolation yield (4% from the starting resin). Since IpTx a is a very basic peptide with net charge = +8 at neutral pH, we used CM-cellulose CM52 as a cation exchange chromatography using NH 4 OAC buffer gradient as eluent. The final purified IpTx a were confirmed by analytical HPLC and MALDI-TOF-MS measurements.
To determine the disulfide bond structure of IpTx a , we used enzyme fragmentation and peptide chemical synthesis. The purified IpTx a was digested with lysyl endopeptidase and analyzed by RP-HPLC and MALDI-TOF-MS measurements ( Figure 3) . The most intense peak on the RP-HPLC was derived from fragment containing two disulfide bonds. The identification of the enzymatic fragment by RP-HPLC and MALDI-TOF-MS measurements revealed that the fragment has two possible disulfide bond pairings that are Cys3-Cys17/Cys16-Cys31 or Cys3-Cys16/Cys17-Cys31 named F1-1 and F1-2, respectively ( Figure 3 ). We could not detect the fragment of Cys10-Cys21 disulfide bond pairing on RP-HPLC. To select the alternatives of F1 fragments, we synthesized two authentic fragments that possessed two possible disulfide bond pairings. Co-injection of the enzymatic fragments from IpTx a with F1-1 or F1-2 clearly showed that the enzymatic fragment from IpTx a was identical with the F1-1 having the same retention time (Figure 4(a) ). Therefore, we concluded that IpTx a has the disulfide bond connectivity as Cys3-Cys17, Cys10-Cys21 and Cys16-Cys31.
The CD spectrum of IpTx a shows two minima at around 205 nm and 280 nm and has the overall feature similar to those of ω-conotoxin MVIIA and MVIIC ( Figure 5 ). The three-dimensional structures of ω-conotoxin MVIIA, MVIIC have been determined by two-dimensional NMR, revealing a triple-stranded antiparallel β-sheet stabilized by three disulfide bonds. [7] [8] [9] Although IpTx a and ω-conotoxins exhibit high structural similarity, their biological functions are very different. IpTx a activates ligand-gated Ca 2+ channels. In constrast, ω-conotoxins block various voltage-gated Ca 2+ channels. As we previously mentioned, 6 the surface properties of IpTx a and ω-conotoxins are different so there is no cross activity between IpTx a and ω-conotoxins, although they share the same disulfide bond framework. These results imply that the correct distribution of surface residues of the toxin molecule based on the correct disulfide bond connectivity is critical to their biological activity. Figure 5 . CD spectra of ω-conotoxin MVIIA, MVIIC, and IpTxa.
